Insoluble collagen from human dermis was equilibrated in a physiological medium with mixtures of 3H20 and fluorescein-conjugated dextrans of different molecular weights. Dextrans of mol.wts. greater than 105 were excluded from a volume of 3.82 ± 0.87ml (S.D.) per g of collagen; dextrans of lower molecular weight occupied a larger volume. The apparent excluded volume was proportional to the weight of the collagen. Dansylated albumin behaved similarly to dextran; the polymeric collagen from rat skin exhibited a much larger excluded volume than the insoluble collagen. These results indicated that the volume available to the plasma proteins in human dermis was limited by insoluble collagen as well as by the glycosaminoglycans of the tissue.
Insoluble collagen from human dermis was equilibrated in a physiological medium with mixtures of 3H20 and fluorescein-conjugated dextrans of different molecular weights. Dextrans of mol.wts. greater than 105 were excluded from a volume of 3.82 ± 0.87ml (S.D.) per g of collagen; dextrans of lower molecular weight occupied a larger volume. The apparent excluded volume was proportional to the weight of the collagen. Dansylated albumin behaved similarly to dextran; the polymeric collagen from rat skin exhibited a much larger excluded volume than the insoluble collagen. These results indicated that the volume available to the plasma proteins in human dermis was limited by insoluble collagen as well as by the glycosaminoglycans of the tissue.
The interstitial space of the dermis contains hyaluronate, plasma proteins and insoluble collagen, to which dermatan sulphate-proteoglycan is bound (Pearce & Grimmer, 1972a; Obrink, 1973) . In any quantitative study of the transport of plasma proteins between the blood capillaries and the lymph vessels, the volume available to these proteins in this extracellular ground substance should be known (Laurent, 1970 (Laurent, , 1972 . Although Laurent (1964) has demonstrated that polysaccharides exclude plasma proteins, the contribution of collagen has been unknown. In the present investigation the exclusion properties of dermal collagen have been determined and correlated with the known concentrations of plasma proteins in the tissues. The results showed that the contribution of collagen to the exclusion in the dermis is much larger than that of the polysaccharides. Dextrans conjugated with fluorescein, available in sizes comparable with those ofthe plasma proteins, were used as convenient model molecules. Katz & Li (1972 , 1973 have determined the exclusion by collagen of a polymer considerably smaller than most plasma proteins. Subsequently, data similar to ours have been obtained in other laboratories (Meyer et. al., 1977; Wiederhielm & Black, 1976) . A preliminary report of our work has been made (Laurent et al., 1976 ).
Materials and Methods

Chemicals
Fractions of fluoresceinylthiocarbamoyl-dextrans were provided by Dr. Kirsti Granath, Pharmacia The dansylated albumin was excited at 345 nm and emission measured at 500nm (Chen, 1968a,b) . The optimum sensitivity at these wavelengths was confirmed with each batch of analyses. The radioactivity of the 3H20 was assayed with Instagel (Packard Instruments, 1974) in a Beckman liquidscintillation counter in 5ml polyethylene vials by the channels-ratio method. Hydroxyproline was determined by procedure II of Prockop & Udenfriend (1960) . Nitrogen was measured by the microKjeldahl-Nesslerization procedure of King (1951) . Amino acid analyses were performed as described by Spackman et al. (1958) on a Biochrom BC-200 analyser (BioCal Instruments, Munchen, West Germany) after hydrolysis for 24h and 72h at 1 10°C in 6M-HCI containing 1 % (w/v) phenol and a norleucine internal standard in tubes evacuated to less than 0.06 mmHg. The values for serine and threonine were extrapolated to zero time, the 72h values were used for leucine and isoleucine and the values for the other amino acids were averaged. For histological study, a portion of the collagen suspension was fixed in buffered formalin, then embedded in paraffin, and 5pm sections were stained with Haematoxylin and Eosin, aldehyde/Fuchsin, or Heidenhain's Azan (Culling, 1974) .
Insoluble collagen
Skin from the chest of an 84-year-old woman who had died of a cardiovascular accident and carcinoma of the stomach was freed of epidermis with a dermatome, freeze-dried and extracted, in succession, with light petroleum (b.p. 20-40°C), 0.15 M-NaCl and 5mM-sodium dodecyl sulphate (Pearce & Grimmer, 1972a,b (1971) . Re-swelling after precipitation with either 5% (w/v) NaCl or adjustment of the pH to 6.0 with satd. NaOH required stirring for 24-72h at 4°C in 0.2M-acetic acid. After the final adjustment of the pH to 6.0, the precipitate was suspended in phosphate-buffered saline and dialysed for 24h at 4°C against the same buffer and then against two changes of Earle's solution. During the dialysis, the highly expanded polymeric collagen shrank to small uniform gel-like particles, which were stored as a thick suspension in Earle's solution. A small portion was dialysed against water for analysis.
Test for denatured collagen
Pepsin releases hydroxyproline-free diffusible telopeptides from insoluble collagen (Drake et al., 1966) , whereas the denatured molecule is extensively degraded by this enzyme (Steven & Tristram, 1962 Instagel (Packard Instruments, 1974) . The excluded volume could be calculated by two semi-independent methods. (1) From the addition and supernatant: the amounts of 3H and the fluorescent macromolecule added to the equilibration tube were known from the volume and analysis of the stock solution. The volumes occupied byeachof the two species could be calculated by their dilution in the first supernatant; the difference between these volumes represented the volume accessible to the 3H20 but not to the fluorescent macromolecule.
(2) From the supernatant and pellet: analysis of the first supernatant provided estimates of the concentrations of both the 3H20 and the fluorescent macromolecule in the void volume. Analysis of the borate-buffer extract of the pellet permitted estimates of the volumes available to the two species within the pellet, assuming the concentrations to be uniform within the available space; the difference between these volumes measured the excluded volume. With both methods ofcalculation, theresults wereexpressed relative to the weight of the collagen in the tube, by using a value of 1.091,umol of hydroxyproline/mg of collagen (Jackson & Cleary, 1967) .
Statistical analysis
The methods used were those described by Snedecor (1946) . Variance ratios of P= 0.001 were obtained from Fisher & Yates (1963) . Vol. 163
Results and Discussion Insoluble collagen Native insoluble collagen was desirable for the gelexclusion experiments. A preparation used earlier for analytical studies of human dermis seemed suitable (Pearce & Grimmer, 1972a,b) . After extraction of the lipid under conditions that minimized denaturation, the 'ground substance' was removed with 0.15M-NaCl and the cells with 5mM-sodium dodecyl sulphate. The residue had the morphological appearance of collagenous fibres interspersed with elastic fibres. Previous studies indicated the presence of dermatan sulphate-proteoglycan as well (Pearce & Grimmer, 1972a,b) .
The analyses corresponded closely to expectations. The amino acid analysis (Table 1) agreed well with published analyses of human dermal acid-soluble collagen (Bornstein & Piez, 1964) . Histological preparations showed the expected meshwork of fine collagenous fibre bundles with embedded elastic fibres. The elastin, previously estimated to be between 5 and 15 mg/300mg of collagen (Pearce & Grimmer, 1972a) , had no detectable influence on the amino acid content. Treatment with pepsin did not release diffusible peptides containing hydroxyproline, an indication that the collagen had not been denatured during its preparation (Table 2) . Therefore this preparation was deemed suitable for the gel-exclusion experiments.
Polymeric collagen Steven & Jackson (1967) described the preparation of polymeric collagen free of other components. By alternate swelling and shrinking of the fibres, contaminants could be removed by low-speed centrifugation. The composition of preparations from human dermis was similar to that of gelatin from the same tissue (Schofield et al., 1971) . Rat skin was used in the present work because partially purified tissue was readily available. Apart from requiring overnight to 4 days to achieve maximum swelling, compared with 3 h for human skin, the preparation proceeded much as described by Schofield et al. (1971) .
In general, the amino acid analyses corresponded to those reported for the insoluble collagen of rat skin (cf., e.g., Piez et al., 1963) , glycine and hydroxyproline being 92 % of the published values. The finding that some values were above and some below published analyses suggested a protein contaminant representing less than 10 % of the weight. The histology showed swollen amorphous masses containing contracted fragments of elastic fibres rather than the fine fibrils seen with the dermal preparation. Treatment with pepsin did not release diffusible peptides containing hydroxyproline, an indication that the collagen had not been denatured during its preparation (Table 2) . This material provided an interesting contrast with human dermal collagen.
Gel exclusion by insoluble collagen
Measurements of the partition of macromolecules between a gel and a solvent have usually used column chromatography (Laurent et al., 1969; Andrews, 1970) . Such studies have been performed on elastin (Partridge, 1967) . However, since columns of insoluble or polymeric collagen would not permit the flow of solvent, presumably owing to the high compressibility of the fibres, our equilibration experiments were done in the tip of a conical centrifuge tube. The excluded volume was measured by the difference in the distribution of the 3H20 and the macromolecular species. The absence of losses or absorption was assumed.
Fractions of fluorescein-conjugated dextran of known size provided a species of macromolecule suitable for exclusion studies. Solutions containing approx. 0.3mg of fluoresceinylthiocarbamoyl-dextran/ml and 3H20 were equilibrated overnight with insoluble collagen. After centrifugation, the pellet and the supernatant were analysed for fluorescence and radioactivity.
To determine the equilibration time required, the apparent excluded volume for dextran of mol. The kinetic experiments (discussed above) and the quantitative recovery of dextran, which would be expected to diffuse more slowly than water, are evidence that both the initial incubation of the system and the extraction with borate buffer have been of sufficient duration to attain equilibrium.
The recovery of the radioactivity of the water was consistently low, and the two experiments representVol. 163 ing mol.wts. above and below 105 respectively gave differing values (P< 0.001, by F test after a one-way analysis of variance), being 93.2 ± 5.5 (S.D.) % for the 12 tubes containing the dextrans of the higher-mol.-wt. range and 81.1 ± 1.6 (S.D.)% for the nine tubes containing those of the lower-molecular-weight range. The possible interference of the fluorescence of the dextran with the liquid-scintillation counting was examined by the addition of increasing amounts of dextran to a constant amount of 3H20; no decrease in counts was observed even in concentrations exceeding those used in the equilibration experiments. Only one parameter appeared to correlate with the different recoveries of 3H, namely the loss in weight during the equilibration. A loss (±S.D.) of 6.0±2.0mg (12) was observed for dextrans of mol.wt. greater than 105, and 0.62±0.04mg (9) for mol.wts. less than 105. This difference has been attributed to the use of soft stoppers, carefully cleaned and equilibrated with water vapour over Earle's solution, for the latter group of experiments. These losses represent 2 and 0.2 % respectively of the weight of the equilibrating system, which comprised more than 95 % water. Therefore, evaporation could not account for the 5-20 % apparent loss of 3H from the system, unless preferential loss of the radioactive species is assumed.
To assess independently the validity of using 3H assay to measure volumes, the weights of the pellets were compared with the sum of their water and collagen contents. The value for water was calculated from the 3H radioactivity in pellets and supernatants after corrections for dilution and the density of solvent. This sum (±S.D.) represented 98.7 ± 5.2 (21) % of the weight of the pellet. Thus the water contents of the pellets, estimated from 3H, were close to expectation. Therefore excluded volumes estimated by analysis of the supernatant and pellet were considered to be more reliable than those based on the addition and the analysis of the supernatant. The former have been used throughout, except for the few experiments (noted below) done before this problem had been recognized. The apparent excluded volumes were approximately doubled if the method involving addition and analysis of supernatant was used for the calculation. This discrepancy was due to the low total recovery of 3H; no explanation has been found. However, low recovery does not affect the validity of the former method of calculation.
The binding of 3H from 3H20 to collagen has been estimated to be 2000g-atoms per 260000g (Kingham & Brisbin, 1968) , corresponding to 0.069 ml/g of collagen, a value negligible in relation to the calculated specific exclusion volumes.
Effects of collagen and dextran concentrations
Experiments were performed to test the dependence ofthe exclusion on the concentrations ofcollagen and dextran. The collagen can be regarded as a suspension of gel grains, within which each grain contains a constant concentration of solid independent of the thickness of the slurry. In such a system the excluded volume should be proportional to the concentration of collagen in the slurry. However, if the concentration of collagen within the individual gel grains should vary, a more complex concentration-dependence would be expected (Laurent & Killander, 1964) . If binding between collagen and dextran occurred, the measured value of the excluded volume would be too low. The binding would vary with the collagen/ dextran ratio in the system and give a non-linear dependence of the excluded volume on collagen concentration.
The change in excluded volume with the weight of collagen, measured by using several dextrans of mol.wt. greater than 105, is shown in Fig. 2 . The correlation coefficient between the two measurements was 0.89 for the 12 points (P<0.01 by t test of the significance of the difference from zero) and did not differ from 1.00 (P> 0.5 by t test after z-transformation). The line of best fit was calculated to be:
Excluded volume (jl) = 4.21 x collagen (mg)-4.99
with a standard error of estimate of 11.08,u1. Therefore the apparent volume with no collagen present was effectively zero, indicating a proportionality between the two parameters and justifying the expression of the excluded volume relative to the weight of the collagen. However, the experiment was too insensitive to exclude the possibility of binding between collagen and dextran.
Under ideal conditions (low concentration of the excluded species and no binding), the excluded volume should be independent of the concentration of dextran. If there is binding, the excluded volume should decrease at low dextran concentrations. At high polymer concentrations, where the solutions no longer can be regarded as ideal, different effects can be demonstrated (Hellsing, 1968; Ogston & Silpananta, 1970 ). The increase in activity of the dextran can affect its distribution coefficient between the supernatant and the gel grains. The grains may also shrink for osmotic reasons. Such effects combined could result in a decreased excluded volume wth increased concentration of solute polymer.
Various amounts of a mixture of fluoresceinylthiocarbamoyl-dextran and 3H20 were equilibrated with insoluble collagen. At the time when these experiments were done, the low recovery of 3H had not been recognized; hence the pellets were not analysed. Therefore the calculations of Fig. 3 Polymeric collagen and dansylated albumin Polymeric collagen was substituted for insoluble collagen to compare their exclusion properties (Table 4) . Because of its swollen state, the pellets of polymeric collagen occupied a volume about 5 times that of an equivalent weight of insoluble collagen. The observed excluded volume was approximately 20 times that observed for insoluble collagen. Although the recovery of 3H was comparable with that found with insoluble collagen, that of fluoresceinylthiocarbamoyl-dextran was lower. The latter observation suggested that the dextran may have been occluded in or bound to the collagen. Nevertheless, had the missing dextran been found in the supernatant, the excluded volume of the polymeric collagen would have been 10 times that of insoluble collagen. The high exclusion value for polymeric collagen can probably be attributed to its swollen gelatinous state.
On substitution of dansylated albumin for the fluoresceinylthiocarbamoyl-dextran (Table 4) , the excluded volumes of both excluded species had Vol. 163 approximately the same magnitude. The recoveries of both 3H and the dansylated protein were 100%, except for water in one sample. Such agreement lends confidence to the conclusion that exclusion was in fact being observed.
General Discussion
A mixture of insoluble collagen and dextran exhibited the behaviour expected of a system showing gel exclusion: dextran consistently occupied a volume smaller than 3H20; the apparent excluded volume was dependent on the molecular weight ofthe dextran, proportional to the amount of the collagen grains and slightly dependent on the concentration of the dextran. Albumin behaved similarly to dextran and polymeric collagen similarly to insoluble collagen.
Dextran molecules of Stokes radii greater than 7 nm, corresponding to a mol.wt. of 105 (Granath, 1958) , were excluded maximally, whereas molecules with Stokes radii in the range 2-5 nm, corresponding to mol.wts. of 8000 and 50000 respectively, were excluded to a measurably smaller extent. This behaviour indicates that the collagen structure contains crevices from which all molecules beyond a certain size are excluded completely, but which are available to a differing extent to smaller molecules. Because of its ordered structure (Atkins & Keller, 1975) , collagen cannot be regarded as a random three-dimensional network in the same way as polysaccharide gels (Laurent et al., 1969) . The crevices probably correspond to the interstices in the meshwork of insoluble collagenous fibres. The size of these spaces should depend on the compression of the collagenous mass. Centrifugation after equilibration may have expressed some of the intra-meshwork fluid. The relative ease of movement of the dissolved materials into and out of the pellet would depend on the molecular weight of the dissolved species and the time that elapsed between centrifugation and the withdrawal of the supernatant. Katz & Li (1972 , 1973 performed experiments similar to ours with collagens from a variety oftissues, using poly(ethylene glycol) as a probe, in effect, as an excluded species. Much lower values, ranging from 0.68 to 1.33 ml/g of collagen, were found. The Stokes radius of this polymer, 1.4nm, was less than that of the smallest dextran used by us and gave exclusion values close to the lowest that we observed. A. Silberberg (unpublished work, quoted by Laurent, 1972, p. S38), investigating the exclusion characteristics of hyaluronidase-digested umbilical cords, concluded that the exclusion was attributable mainly to their collagen content. Recently, workers in the same laboratory have obtained quantitative exclusion values for dextran similar to ours, but using umbilical-cord collagen. Further, the molecularweight dependence of the exclusion resembled that shown in Fig. 1 (Meyer et al., 1977) . Wiederhielm & Black (1976) interpreted their osmometric studies ofmixtures ofcollagen and plasma protein to indicate an exclusion of albumin by collagen similar in magnitude to that reported here. The excluded volume was dependent on the concentration of albumin, a phenomenon similar to the data of Fig. 3 . Thus four independent groups using different methodologies and different preparations of collagen have obtained qualitatively and quantitatively similar data.
The exclusion characteristics of insoluble collagen should influence profoundly the physiological properties of the interstitial space. For instance, human dermis contains on average 650mg of water and 300mg of collagen/g (Pearce & Grimmer, 1972a) . The molecular size of many of the plasma proteins is in the range that showed partial or complete exclusion (Laurent & Killander, 1964) . Thus the effective concentration of the plasma proteins in the interstitial space must be much greater than the value calculated from the water and the plasma concentrations of the tissue. The value for plasma protein concentration in the dermis, calculated in this manner, is 20% of that of the plasma (Pearce & Grimmer, 1972a) . The exclusion by collagen exceeds by at least 10-fold the exclusion caused by the 0.6mg of glycosaminoglycans/g of fresh human dermis (Laurent, 1964; Pearce & Grimmer, 1972a) .
